Using density functional theory (DFT) at the OPBE/TZP level, the calculation of the geometric parameters of the molecular structures of M(II) (5456)macrotetracyclic complexes with a tetradentate macrocyclic ligand with (NNNN)-coordination of donor centers, resulting from template reactions in M(II)-thiooxamide-guanidine-formaldehyde quaternary systems, where M= Mn, Fe, Co, Ni, Cu, Zn was performed. The calculation of the molecular structure of this "template" ligand itself was also carried out. The values of the bond lengths, bond and torsion angles in the resulting complexes are presented. The values of the standard enthalpy, entropy and Gibbs free energy of formation of these compounds were also calculated.
Introduction
Previously in [1] [2] [3] [4] , a quantum-chemical calculation of the selected (5656) macrotetracyclic metalchelates of the M(II) ion series with chelants, each with two fivemembered and two six-membered metal chelate cycles, arranged symmetrically to each other, was carried out. Macrocycles of chelants (ligands resulting from "selfassembly" or template synthesis) consisted of 14 atoms, and coordination of chelants to M(II) was carried out through four nitrogen atoms. Each of these complexes contained only two different types of metal chelate cycles (namely with five and six atoms). As a result of template synthesis, however, macrotetracyclic metalchelates with three different types of metalchelate cycles can also be formed; reference to this possibility is contained, in particular, in a recent review article [5] . These coordination compounds include, (5456)macrotetratcyclic chelates of 3d-M(II) ions of the general formula I with one fourmembered, two five-membered and one six-membered chelate rings, which, in principle, can be formed by complex formation in M(II)-thiooxamide-guanidineformaldehyde quaternary systems according to general Scheme 1 (M= Mn, Fe, Co, Ni, Cu, Zn) So far, there is no experimental evidence confirming the possibility of exactly this template synthesis in the literature. Interest in ligand synthon ensemble is caused by the fact that a priori the formation of macrotetracyclic complexes, containing four-membered cycles, can be expected. But up to now, the coordination chemistry has just a few examples of them. It is very interesting to obtain objective data on the structural and geometric
Central European Journal of Chemistry
Molecular structures of metalmacrocyclic chelates of 3d-elements formed at template synthesis in the ion M(II)-thiooxamideguanidine-formaldehyde quaternary systems parameters of the formed metal chelates of doubly charged M(II) ions of 3d-elements using non-empirical quantum-chemical calculations based on the density functional DFT method. This is therefore the subject of this article.
Experimental procedure
To carry out quantum-chemical calculations, the density functional theory (DFT) was applied. It combined the standard extended TZVP split-valence basis sets, described in [6, 7] and non-hybrid OPBE functional described in [8, 9] . According to publications [9] [10] [11] [12] [13] , in the case of 3d-element complexes, this method gives more accurate ratio of the high-spin state energy stability to the low-spin one as compared to the most popular B3LYP method. At the same time, the DFT method accurately characterizes the basic geometric parameters of the molecular structures of the indicated compounds. The calculations were performed using the Gaussian09 program [14] . As in our previous papers, particularly in [15] [16] [17] [18] , the correspondence of the obtained stationary points to the energy minima in all cases was proved by the calculation of the second energy derivatives in coordinates of atoms. Thus, all the equilibrium structures, corresponding to the minimum points on the potential energy surfaces, only had real positive values of frequency. . Consequently, the group of N 4 donor atoms can be considered as planar. It should be noted that only two of the above mentioned bond angles, namely, (N3M1N6) and (N5M1N2), have similar values; the similar situation can be observed in the torsion angles (Table 1) . Some metal-nitrogen d(M-N) bond lengths do not coincide between each other, although in some cases they are mutually similar to each other. In this case d(M-N) values for two nitrogen atoms included in the six-membered ring are significantly higher than for two nitrogen atoms that are part of the four-membered ring. The shortest M-N lengths can be observed in the Ni(II) complex, the longest -in the Zn(II) one. In the Mn-Zn series they decrease in the proceeding from Mn to Ni, and increase in the proceeding from Ni to Zn (Table 2) .
Results and discussion
Four-membered metal chelate rings containing donor nitrogen atoms, a carbon atom and an M atom, in general, have a fairly well-defined coplanarity (though the sum of VAS 4 valence angles in them in any case do not coincide with the sum of the interior angles in a plane quadrilateral. It is equal to 360° and differs at least by Molecular structures of metalmacrocyclic chelates of 3d-elements formed at template synthesis in the ion M(II)-thiooxamideguanidine-formaldehyde quaternary systems Molecular structures of metalmacrocyclic chelates of 3d-elements formed at template synthesis in the ion M(II)-thiooxamideguanidine-formaldehyde quaternary systems 1.5 o ). The degree of deviation from coplanarity of each of the five-membered metal chelate rings in all these complexes is much larger than in the four-membered ones (the sum of bond angles VAS 51 and VAS 52 differs from the sum of the interior angles in a plane pentagon (540 o ) at least by 11.5 o ). In each of the metal chelates they are not identical and differ even on the sum of bond angles, not to mention their values (Table 1 ). The distortion is even more in the six-membered cycles, where the sum of the bond angles VAS 61 differs from the sum of the interior angles in a flat hexagon (720 o ) by not less than 70 o . It is significant that similar bond angles both within the chelate cycles and outside of them, in all of these complexes are not pairwise equal to each other. The same inequality between bond lengths, forming sides of these angles, is also observed. So the bond angle values both within the chelate cycles and outside of them only slightly depend on the nature of the M(II) complexing agent. The values of torsion angles, which are often strongly different both from 0° and 180°, confirm the general non-coplanarity of molecular structures of complexes having general formula I (Table 3) . According to our calculations, the ground state of the Mn(II) complex is a spin quartet and it occupies an intermediate position between the low-spin and high-spin complexes. For the Fe(II) complexes with a ground triplet state the situation is similar. The ground states for the Co(II) and Ni(II) complexes are a spin doublet and a spin singlet, so both of them are low-spin. As for the Cu(II) and Zn(II) complexes, spin doublet and singlet, respectively, are their ground states in full agreement with theoretical expectations. In this case, the energy difference of structures with spin multiplicity (which is different from the ground state multiplicity) [sextet in the Mn(II), quintet in the Fe(II), quartet in the Co(II), triplet in the Ni(II), quartet in the Cu(II) and triplet in the Zn(II)] is 13.4, 34.8, 36.5, 88.7, 128 .5 and 99.5 kJ mol -1 respectively. There is also a very negligible (more than 30 kJ mol -1 ) energy difference between the ground and the nearest different from it in spin multiplicity excited states. It is only less than this value in the case of the Mn(II) complex.
As can be seen from Figs. 1-3, all examined macrocyclic chelates are asymmetric and don't have elements of symmetry. For all these complexes, due to severe asymmetry, very high values of the electric dipole moment (m) can be expected. And the OPBE/TZVP calculation method fully confirms these expectations, as calculated values of m are very high and are 6. 85, 7.18, 7.26, 7.71, 8.38 and 9.47 Debye units for the Mn(II), Fe(II), Co(II), Ni(II), Cu(II) and Zn(II) complexes respectively. The most asymmetric of the examined metalchelates -the Cu(II) and Zn(II) chelates have the highest, compared with the other M(II) chelates, values of the electric dipole moments.
The values of the key thermodynamic parameters of the examined metalchelates (standard enthalpy, entropy and Gibbs energy of formation) are shown in Table 4 . As can be seen, all of them are positive, which shows that they can not be formed from individual elements and suggests that the above-mentioned template synthesis process (1) is likely to be thermodynamically forbidden for its implementation in a solution or a solid phase. However, it seems to be quite possible under the specific conditions of complex formation in the organizing systems, based on the metal-complex gelatin-immobilized matrices [5] .
The calculation of the chelant II molecular structure which may be considered as part of the metalmacrocyclic chelates being under study, showed that it is not planar by itself. The molecular structure of the macrocyclic compound is shown in Fig. 4 . It is noteworthy that the twelve-membered macrocycle, both in this particular ligand, and in all considered metallachelates, is nonconvex, as the sum of its internal bond angles (VAS 12 ) (Table 5 ).
In the first three of these complexes the deviation from the value of 1800 o is less than in chelant II, in the Ni(II) complex-it is exactly the same, in the last two com-plexes -it is much higher.
Conclusion
It can be stated that the complex formation of the above mentioned M(II) ions with chelant II can be accompanied both by decrease and increase of its structure distortion degree. 
